tyrosine kinase family. IGF-I binds with highest affinity to the type I IGF receptor and acts primarily as a growth factor The structure and biological activities of two disulphide regulating mitogenesis and cell differentiation. It also binds isomers of a C-region deletion mutant of insulin-like growth with much lower affinity to the insulin receptor (Massague factor-I (IGF-I) which has an Asn-Gly link engineered at and Czech, 1982; Ullrich et al., 1986) . The interaction of the junction of the A-and B-regions were studied before IGF-I with its receptor is believed to be similar to that of and after chemical cleavage. Circular dichroism (CD) insulin with the insulin receptor ; spectra and binding affinity to IGF binding protein 3
De Meyts, 1994; De Meyts et al., 1994) . Insulin receptor (IGFBP3) indicated that the treatment with hydroxylamine binding is thought to require a conformational change in which did not disrupt the overall tertiary fold of the hormones.
the C-terminus of the B-region detaches and exposes residues Cleavage restored some binding affinity for the IGF-I of the A-region N-terminus. The importance of this flexibility receptor in both isomers and weakly restored the ability of insulin in receptor binding has been shown in studies using to stimulate incorporation of tritiated thymidine into DNA a number of mini-proinsulins cross-linked between A1 Gly in NIH 3T3 fibroblasts transfected with the human IGF-I and B29 Lys (Brandenburg et al., 1972 (Brandenburg et al., , 1975 (Brandenburg et al., , 1977 ; receptor. Cleavage also restored metabolic capacity, as Brandenburg and Wollmer, 1973; Freychet et al., 1974 ; Gliemmeasured by the ability of the isomers to promote lipogenann and Gammeltoft, 1974; Nakagawa and Tager, 1989) . The esis in isolated rat adipocytes through the insulin receptor.
affinity of these molecules for the insulin receptor becomes These results are consistent with the theory that binding less as the cross-link is shortened. A single chain (des B30) of IGF-I to the IGF-I receptor requires a conformational insulin in which A1 Gly and B29 Lys are linked by a peptide change similar to that involved in insulin binding the bond is inactive yet has a crystal structure isomorphous with insulin receptor. The weak affinity for the IGF-I receptor that of insulin (Markussen et al., 1985; Derewenda et al., 1991) . after cleavage is consistent with the belief that residues in Similar studies of the interaction of IGF-I with the IGF-I the C-region interact with the IGF-I receptor. This strucreceptor and insulin receptor have used 'mini' IGF-I analogues. tural difference between insulin and IGF-I gives each a Substitution of C2 Tyr with Ala resulted in a 6-fold loss of higher binding affinity for its own receptor.
IGF-I receptor binding, while substitution of positively charged Keywords: insulin/insulin-like growth factor-I/receptor bindarginine residues at C36 and C37 led to a 15-fold loss (Bayne ing/structure-function relationships et al., 1990; Zhang et al., 1994) . A single chain IGF-I (mini-IGF-I) in which the C-region is deleted was shown to have no affinity for either the IGF-I receptor or insulin receptor, Introduction nor to have any biological activity. In the same study the Insulin-like growth factor I and II (IGF-I, IGF-II) are singlesubstitution of the C-region of IGF-I with a four-residue chain polypeptides which have both growth-promoting and glycine bridge gave a 100-fold loss of affinity for the IGF-I metabolic activity (reviewed in Jones and Clemmons, 1995) .
receptor and a 10-fold loss of affinity for the insulin receptor IGF-I and -II show close sequence homology with, and are . structurally similar to, proinsulin and are similarly processed
In this work, we characterized both disulphide isomers of a from a preprohormone. Unlike insulin where the C-region is two-chain mini-IGF-I completely lacking a C-region. An Asncleaved from proinsulin to form a disulphide-linked dipeptide, Gly site engineered at the junction of the A-and B-regions the IGFs retain their shorter C-region.
allowed cleavage of the molecule at this site by hydroxylamine. An unusual property of IGF-I is that it can fold into two disulphide swapped isomers of similar stability (Miller Materials and methods et al., 1993) . Native-fold IGF-I has disulphide linkages at Construction, expression and purification of cleavable mini-A20-B18, A6-A11 and A7-B6 (Raschdorf et al., 1988; Smith IGF-I mutant (C-mini-IGF-I) et al., 1989) . In the swap-fold isomer these become A20-B18, A6-B6 and A7-A11 (Iwai et al., 1989; Axelsson et al., 1992) .
C-mini-IGF-I was constructed by site-directed mutagenesis using the Sculptor in vitro mutagenesis system (Amersham These forms have the same amino acid composition yet have different physical and biological properties (Gill et al., 1999) .
International). DNA sequences were confirmed by the dideoxy chain termination method (Sanger et al., 1977) . C-mini-IGF-I was expressed in Saccharomyces cerevisiae, purified and disulphide isomers separated as described previously (Gill et al., , 1999 . Hydroxylamine cleavage A 1 mg amount of protein was incubated at 45°C for 4 h in 2 M hydroxylamine, 0.2 M Tris-HCl, pH 9.2 and the pH was adjusted to Ͻ6.0 with concentrated HCl. The protein was then desalted by washing with eight volumes of doubly distilled water in a Centricon 3 (Amicon). Cleavage at the junction of the A-and B-chains was confirmed by N-terminal sequencing of the reduced products after Tricine-SDS-polyacrylamide gel electrophoresis and electroblotting (Schagger and von Jagow, 1987) . The resulting product is referred to as cleaved C-mini-IGF-I. transfected with a wild-type IGF-I receptor clone WT2
Competitive binding was carried out as described in Materials and methods. (Grønborg et al., 1993) cells express approximately 2ϫ10 6 receptors per cell (Grønborg et al., 1993) .
Competition binding of [ 125 I]-IGF-I
Tracer binding to membrane-bound IGF-I receptors overexpressed in WT2 cells was carried out in the presence of increasing concentrations of wild-type IGF-I, native-and swapfold intact and cleaved C-mini-IGF-I as described previously et al., 1986) using a one-site binding model.
Thymidine incorporation assay
Stimulation of DNA synthesis by wild-type IGF-I, swap-and native-fold intact and cleaved C-mini-IGF-I was measured by incorporation of tritiated thymidine as described previously with minor modifications (Grønborg et al., 1993) . Subconfluent monolayers of WT2 cells in 96 well plates were starved in DMEM with 2% NCS for 2 days to achieve quiescence. Wildtype IGF-I, swap-and native-fold intact and cleaved C-mini-IGF-I were added in increasing concentrations with 10% FBS as control. male Sprague-Dawley rats. After digestion of the adipose tissue in 1 mg/ml collagenase in Krebs-Ringers HEPES buffer (KRH) containing 3.5% (w/v) BSA, 0.2 µM adenosine and 2 mM glucose for 45 min at 37°C, the adipocytes were washed and resuspended in incubation buffer (KRH containing 3.5% BSA, 0.56 mM glucose and 0.2 µM adenosine). Hormone stimulated conversion of glucose into lipids was measured by the method of Moody et al. (1974) after 0.5% (v/v) fat cells were incubated for 2 h at 37°C in 500 µl of incubation buffer containing 0.05 mCi [3-3 H]-D-glucose (Amersham) and increasing concentrations of insulin, wild-type IGF-I, swapand native-fold intact and cleaved C-mini-IGF-I. Incubation was terminated by the addition of 3 ml of BetaMax scintillant (ICN, Costa Mesa) and total lipids were extracted by allowing the sample to stand for 24 h at 4°C. The results are presented as the percentage of the maximum signal obtained with wildtype IGF-I. Potency was calculated by using the half-maximal stimulation with IGF-I and calculating the dose required to achieve the same half-maximal stimulation with the isomers. Circular dichroism (CD) spectroscopy CD measurements were carried out on an AVIV (Lakewood, NJ) 62DS CD spectrometer, equipped with a temperature control unit and a Jasco J-600 spectropolarimeter, both calibrated with a 0.1% aqueous solution of D-10-camphorsulphonic acid according to Chen and Yang (1977) . The spectral bandwidth was 1.5 nm. The time constant ranged between 1 and 4 s and the cell pathlength between 0.1 and 10 mm. All measurements were carried out at 25°C.
Measurement of binding affinity to IGFBP3 by plasmon resonance
Binding affinity of IGF analogues to immobilized IGFBP3 analogues completely, incubation with 10% acetic acid was necessary. The concentration-dependent on-kinetics were anaof the serum-starved cells to hormone or serum (10% FBS) lysed using IASys Fastfit Kinetics Data Analysis Software for 18 h. The results presented in Figure 2 are expressed as (Affinity Sensors). In all cases the association data could be percentage of thymidine incorporation in the presence of satisfactorily fitted with one exponential. The affinity constants hormone relative to stimulation with serum. Half-maximal were subsequently calculated from the concentration dependstimulation with wild-type IGF-I was~1.5 nM. As shown ence of the on rates.
previously for mini-IGF-I, the intact swap-fold isomer elicited no mitogenic response at concentrations up to 100 nM (Gill Results et al., 1996) . A weak mitogenic response to the intact nativeCompetitive binding to the IGF-I receptor fold isomer was seen at concentrations Ͼ100 nM. Cleavage Competition data for the inhibition of [ 125 I]-IGF-I binding to of the swap-fold isomer restored the maximal mitogenic signal NIH 3T3 cells overexpressing the IGF-I receptor by the of the analogue to near that of wild-type IGF-I. The half-IGF-I analogues are presented in Figure 1 . The concentration maximal response was~40-fold lower than for wild-type of wild-type IGF-I required for half-maximal inhibition of IGF-I. Cleavage of the native-fold gave a half-maximal tracer binding was~1 nM. Neither of the intact isomers response 30-fold lower than for wild-type IGF-I and the competed for IGF-I binding with wild-type IGF-I tracer.
response did not reach the same maximum. Cleavage restored some ability to compete with half-maximal Lipogenesis inhibition of tracer binding of Ͼ60 nM for the cleaved nativeConversion of [3-3 H]-D-glucose into lipids was used to measure fold C-mini-IGF-I and Ͼ200 nM for the cleaved swap-fold the metabolic potential of intact and cleaved native-and swap-C-mini-IGF-I.
fold C-mini-IGF-I (Figure 3) . In response to insulin, isolated Mitogenesis rat adipocytes incorporated labelled glucose into lipids with a maximal stimulation at 40 pM. The half-maximal stimulation To assess the mitogenic potential of the mutants, stimulation of DNA synthesis in WT2 cells was determined by measuring of lipogenesis in response to IGF-I was 3.5 nM indicating that IGF-I is acting through the insulin receptor (Christoffersen the incorporation of [ 3 H]thymidine into DNA after exposure Fig. 4 . Far-UV CD spectra of (A) cleaved (labelled C) and intact (labelled Fig. 5 . Near-UV CD spectra of (A) cleaved (labelled C) and intact (labelled U) native-fold C-mini-IGF-I and (B) cleaved (labelled U) and intact U) native-fold C-mini-IGF-I and (B) cleaved (labelled C) and intact (labelled U) swap-fold C-mini-IGF-I in 5% acetic acid. Protein (labelled U) swap-fold C-mini-IGF-I in 5% acetic acid. Protein concentrations were normalized for tyrosine content.
concentrations were normalized for tyrosine content.
et al., 1999) . Neither intact native-fold nor intact swap-fold C-mini-IGF-I elicited a lipogenic response. Cleavage restored Table I . Binding affinity of IGF-I analogues to IGFBP 3 measured on an IAsys Manual System instrument using CMD sensor surfaces the ability of both native-and swap-fold C-mini-IGF-I to stimulate lipogenesis with potencies of 70 and 40%, respect-
ively, and a maximal response approaching that of wild type IGF-I.
Mini-IGF-I 9.1 Ϯ 3.1 Uncut native-fold C-mini-IGF-I 15.9 Ϯ 5.7
Structural analysis of IGF-I analogues
The near-UV CD spectra of intact and cleaved native-and Uncut swap-fold C-mini-IGF-I 8.0 Ϯ 3.1 Cut swap-fold C-mini-IGF-I 13.9 Ϯ 1.8
swap-fold C-mini-IGF-I are presented in Figure 4 . The spectra of intact native-and swap-fold C-mini-IGF-I are similar to those of native-and swap-fold mini-IGF-I, respectively (Gill, respectively, and suggest that the proteins retain their overall 1994). The spectra of both intact isomers show small bands structure upon cleavage. The differences between the cleaved between 260 and 270 nm that are not present in the spectra and intact proteins are the same in both native-and swap-fold. of the cleaved isomers. These are likely to be due to phenylalan-A decrease in amplitude is seen in the spectra of both cleaved ine fine structure and are also seen in mini-IGF-I spectra. The molecules. This may be due to a loss of some helical structure disappearance of these bands upon cleavage of the proteins or to a change in orientation of the helices. suggests that the phenylalanine side chains are released from Measurement of binding affinity to IGF BP3 their usual position and now point out into the solvent.
The far-UV spectra of intact and cleaved native-and swapThe binding affinities to BP3 of native-and swap-fold C-mini-IGF-1 before and after hydroxylamine cleavage are shown in fold C-mini-IGF-I are presented in Figure 5 . The spectra are broadly similar to those of native-and swap-fold mini-IGF-I, Table I . The affinities of the cut and uncut proteins showed
